Abstract We propose that an understanding of animal learning and memory is critical to predicting the impacts of animals on plant populations through processes such as seed dispersal, pollination and herbivory. Focussing on endozoochory, we review the evidence that animal memory plays a role in seed dispersal, and present a model which allows us to explore the fundamental consequences of memory for this process. We demonstrate that decision-making by animals based on their previous experiences has the potential to determine which plants are visited, which fruits are selected to be eaten from the plant and where seeds are subsequently deposited, as well as being an important determinant of animal survival. Collectively, these results suggest that the impact of animal learning and memory on seed dispersal is likely to be extremely important, although to date our understanding of these processes suffers from a conspicuous lack of empirical support. This is partly because of the difficulty of conducting appropriate experiments but is also the result of limited interaction between plant ecologists and those who work on animal cognition.
Introduction
There is increasing concern over the impacts of defaunation of ecosystems on important mutualistic services such as seed dispersal and pollination, as well as predatory relationships such as herbivory, all of which can have profound impacts on plant population processes and resulting plant community composition and structure (Galetti and Dirzo 2013; RobledoArnuncio et al. 2014) . To a large extent, the effects of these processes on plant population structures depend on decisions made by animals about which plants to feed from, how much to feed, when to move away and where to go next. However, our understanding of how these critical decisions are influenced by animals' learning and memory is underdeveloped, and plant ecologists could profit from working with animal cognition experts to develop more robust and predictive theory in this area. In this paper, we develop our ideas using endozoochory, the internal transport of seeds by animals, as an important mutualism (Fragoso et al. 2003; Guzmán and Stevenson 2011; Traveset et al. 2014; Wunderle 1997) , and we introduce a model that allows us to specifically explore the implications of memory for seed dispersal.
Endozoochory is an important determinant of the population dynamics of many plant species. Seeds are generally inadvertently eaten by animals attracted by the fleshy fruit and dispersal occurs when the animal defecates or regurgitates at a location away from the parent plant. Endozoochory allows plants to escape the density-dependent effects of growing close to their parents (e.g. Harms et al. 2000; Howe and Miriti 2000; Janzen 1970; Muller-Landau and Hardesty 2005; Wills et al. 1997) and to disperse to suitable microhabitats. Adaptations of plants for endozoochory are widespread, with up to 94 % of woody species in some tropical rainforests producing the fleshy fruits attractive to vertebrate dispersers (Howe and Smallwood 1982; Jordano 2000; Tanner 1982 ). While few vertebrates are obligate frugivores, fruit contributes in varying proportions to the diets of many birds (it has been estimated, for example, that 50 % of the biomass of birds in Panama is supported by fruit; Fleming et al. 1987) , mammals and reptiles (Jordano 2000) . Where endozoochory is disrupted by habitat fragmentation or loss of key species, significant ecosystem consequences are observed (Cordeiro and Howe 2003) , such as reduced recruitment of plant species with particular ecosystem roles. Endozoochory is therefore considered a crucial ecosystem service that is both dependent on the maintenance of plant and animal biodiversity and helps to maintain it (Buckley et al. 2006; Fleming and Kress 2011; Garcia et al. 2013; Howe 1984; Howe and Miriti 2000) .
The outcome of endozoochory (in terms of the number of seeds dispersed and their dispersal locations) relies on many interacting factors. The vegetation of an area affects assemblages of seed dispersers, as the number of frugivore species and individuals is correlated with habitat structure and local abundance of fruit (Tellería and Pérez-Tris 2003; Tellería et al. 2008; Gleditsch and Carlo 2011; Aparicio et al. 2013 ).
The abundance and density of frugivores in turn affects the rate of seed dispersal (González-Castro et al. 2015) , so the availability of resources seems to be one of the primary factors regulating the number of seeds dispersed (Carlo and Morales 2008) . The composition of frugivore assemblages is also important with factors such as the animal's metabolic rate and mobility influencing the number of seeds dispersed and their dispersal location (González-Castro et al. 2015) . To date, much research on frugivores has focused mainly on observations of their behaviour, assessing their quality as dispersers on the basis of the amount of fruit eaten, the number of seeds processed, the number of viable seeds contained in faeces and the estimation of long seed dispersal distance based on data on animal daily movement and gut retention time (e.g. Calviño-Cancela and Martín-Herrero 2009; González-Castro et al. 2015; Jerozolimski et al. 2009; Link and Di Fiore 2006; Schupp 1993; Strong and Fragoso 2006) . Although highly informative, this approach lacks predictive power in the face of ecosystem disruption because the cognitive determinants of the behaviour of seed dispersal vectors are largely unexplored. To address this, we need to evaluate the impact of animal knowledge, in terms of learning and memory, on which plants' fruit they eat and where they deposit seeds.
Locating and travelling to a particular fruit-bearing plant, selecting which fruit to eat, deciding when to leave and where to go next are all crucial decisions that will affect the fate of a plant's seeds and depend on the animal's cognitive abilities and prior knowledge. An animal first locates a fruit source in a number of ways. It can learn from other animals such as parents (Gopukumar et al. 2003) , other conspecifics (Wilkinson et al. 2010) or heterospecifics (Tsuji et al. 2007 ). Alternatively, it may respond to cues that indicate the presence of fruit at some distance such as smell (Lomáscolo and Schaefer 2010; Siemers et al. 2007) , sight (Cazetta et al. 2009 ) or the sound of other frugivores (Tsuji et al. 2007 ). Finally, it could locate the source serendipitously as it moves around the habitat.
Animals use a wide range of sensory faculties to detect specific features that allow recognition of food sources (Wilkinson and Huber 2012) . Many studies have examined how fruit traits such as colour, scent and shape are used by animals as indicators of nutrient content and ripeness of fruits (e.g. Cazetta et al. 2009 Cazetta et al. , 2012 Schaefer 2011; Schaefer et al. 2003 Schaefer et al. , 2004 , and cognitive studies have confirmed that animals possess the discriminatory skills to differentiate successfully on the basis of such cues; animals can, for example, discriminate relevant colours (Dominy et al. 2003; Kelber et al. 2007) , shapes (Gosset and Roeder 2000) , smells (Hübener and Laska 2001) and textures (Dominy et al. 2001) . Thus, it is generally accepted that sensory features of fruit play a fundamental role in attracting frugivores and are used by animals to select fruit for eating (Schaefer et al. 2004 ). However, the role of previous experience and its impact on food choice is poorly explored (although see Schaefer et al. 2008) . Further, we have very little basis for making predictions about the impact of disperser learning and memory on resultant endozoochory, whether in terms of quantity of seeds dispersed, which seeds are dispersed or where the seeds are deposited.
An animal's memory, which results from its individual experiences, is likely to influence every aspect of its role as a seed disperser. In order to use information efficiently, the animal not only has to acquire it, but needs to retain it and retrieve it appropriately. Multiple factors influence memory in animals; however, there is evidence that some species, at least, have an efficient long-term memory which allows them to recall specific events and associate appropriate responses to those events (Fagot and Cook 2006) . As a seed disperser, an animal might remember information about the locality of fruiting plants (such as location, ease of access, presence of predators or competitors), the quality and quantity of fruit produced (both in absolute terms and relative to other nearby plants), the timing of fruit production and the location of other nearby resources such as water, shelter or sun gaps for reptiles. Each of these could contribute to the population dynamics of an individual plant, determining how many of its seeds are dispersed, by which species of frugivore and where they are then deposited. Many animals are postulated to use cues from more knowledgeable conspecifics (e.g. elephants (Blake et al. 2009; Polansky et al. 2015; Foley et al. 2008) or from heterospecifics (Saracco et al. 2004 ) to help them identify and navigate to resources or may follow trails left by conspecifics (e.g. Blake and Inkamba-Nkulu 2004) . Differences between individuals in quality and quantity of memory might arise due to species-specific cognitive capabilities, previous experience or individual longevity. The presence of other animals with better or worse knowledge of the local habitat could have a significant impact on the outcome of foraging by a focal animal.
The knowledge that animals hold about their environment will depend on many factors (including species and individual experience) and vary in quality. Learning and memory are metabolically costly (Burns et al. 2011; Mery and Kawecki 2005) and medium-to long-term memory of resource location may only have value greater than its cost in environments where resources are patchily and predictably distributed (Bracis et al. 2015; Eliassen et al. 2009 ). As fruit is usually patchily distributed in space and time (Fleming et al. 1987 ) but often recurs in the same location at relatively long but predictable periods, we might predict that long-term memory would be adaptive for frugivores. However, as individual animals will have different experiences, they will also have different memories. Further, there is growing evidence to suggest that the strength of a memory is influenced by the animal's affective state at the time of memory formation such that very positive or negative events are remembered more strongly than more neutral events (Mendl et al. 2001 ). This could mean that excellent food sources will be remembered for longer and prioritised (e.g. Ban et al. 2014) or that a close encounter with a predator would deter an animal from revisiting a food source.
We would also predict that natural or anthropogenic habitat alteration might impact an animal's ability to navigate to or locate a previous food source. Animals immigrating into or relocated to a new area will have no knowledge of the area and its plants. Animals being used as functional equivalents in rewilding or restoration projects Hansen et al. 2010) might have different cognitive skills and so make different choices from the species they are replacing. Local extinctions of species or loss of fruiting individuals (for instance, the removal of large fruiting trees), invasions by non-native species, phenological changes in fruiting patterns or loss of predictable seasonality due to climate change (Chapman et al. 2005; Corlett and Lafrankie 1998) could all be expected to disrupt and confuse existing frugivores even when they remain present in the community, with consequences for their decision-making.
In this context of environmental change, it is useful to understand how animals are likely to navigate within a familiar environment. Generally, animals rely on external stimuli as a basis for orientation. A simple but effective strategy is the use of a distinctive cue located near the goal (e.g. López et al. 2001) . This is then used as a beacon upon which an animal can home. Loss of such a stimulus (e.g. a prominent tree acting as a landmark) results in inability to access remembered resources even when close to them (e.g. López et al. 2001) . A more complex but flexible system is the use of a cognitive map in which the goal is defined by its spatial relation to a number of landmarks (O'Keefe and Nadel 1978) , thus the loss of a single landmark does not alter success; however, the loss of multiple cues in a disrupted habitat could result in an animal failing to return successfully to a resource. This is considered a highly efficient navigational mechanism that allows an animal to cope with some environmental change; however, it imposes a high burden on memory load (Dale and Innis 1986) . Alternatively, animals can navigate using a response-based strategy in which a goal is reached by performing a specific sequence of responses (e.g. Wilkinson et al. 2009 ). With a strategy of this kind, no external cues are needed to reach the goal successfully, and thus it does not place a burden on memory. However, such an inflexible system cannot adapt to any changes in the external environment and is normally observed in conjunction with other mechanisms (Bond et al. 1981) . These insights into how animals locate and relocate resources help us understand the potential consequences for plant-animal interactions of ecosystem disruption and suggest avenues of investigation with particular groups of frugivores that will aid us in understanding the consequences for endozoochory.
We believe that plant ecologists should work with animal cognition experts to start to understand the effect of animal memory on seed dispersal by frugivores. A better understanding of this area would also help us predict the impact of factors that impair an animal's ability to navigate in a habitat, such as physical ecosystem disturbances or the introduction of naive animals to a novel habitat. The aim of this paper is to highlight one aspect of animal cognition and memory that can help to better understand the seed dispersal process, and to indicate areas where we believe that the disciplines of plant ecology and cognition can profitably interact. Specifically, we consider three main predictions, all of which could have significant impacts on the number of seeds dispersed from an individual plant, the relative success of seed dispersal from separate plants and the locations to which seeds are dispersed, and yet all of which have received little theoretical or empirical attention:
1. Whether or not a seed-dispersing animal can remember and relocate a fruiting plant affects their movement patterns and, as a consequence, the distribution of plants' seeds. 2. A seed disperser's memory of individual plant quality affects their service provision to plants of different qualities. 3. Memory of the location of non-food resources, and the motivation to move towards them, will affect the pattern of seed deposition.
In addition to exploring these ideas by evaluating available information, we also developed a model to allow us to make specific predictions regarding the impact of disperser memory on seed dispersal. This model is based on a combination of the perception and memory-based movement model described by Avgar et al. (2013) and the seed dispersal model of D'hondt and Hoffmann (2011). Full details are given in Appendix 1, although the salient points are summarised below.
Model overview
We consider an animal characterised by a single parameter, state, which we equate to hunger; when the value of the state parameter is low, we consider the animal to be relatively hungry, and when it is high the animal is relatively sated. This animal inhabits a landscape, each cell of which is characterised by the values of two habitat components: the background landscape and the vegetative landscape. Higher values are more attractive to the animal (for example, indicating more food, preference for landscape features such as shelter) and lower values are less attractive (for instance, less food, unpreferred habitat type). The animal moves stochastically around this landscape in a state-dependent manner, during which it ingests, defecates and disperses seeds. Specifically, we assume that it assesses the quality of surrounding cells using sensory information, which attenuates with distance (perception) and accumulates over time (memory) and which it uses to guide its movement. Key to our model is the rate at which an animal's memory decays, which is encapsulated by the memory We ran two types of model. The first was parameterised with arbitrary values in order to explore the generic impact of memory on seed dispersal in landscapes with one or two plants. The second was parameterised using data on the behaviour and memory of red-footed tortoises (Chelonoidis carbonaria) in simulated natural landscapes in order to explore the specific impact of landscape use (in particular, the use of gaps in the forest canopy as basking spots) on the pattern of seed dispersal.
Impact of memory on seed removal from a single plant (prediction 1)
We used the model to investigate the impact of memory on the dispersal of seeds from a single food source at the centre of a landscape containing a single animal seed disperser initially located at the food source. In the model, the number of seeds dispersed in the environment increased with the amount of memory retained by an animal (Fig. 1) . It is striking that in our model the impact of memory was far from linear, and that very high levels of memory had a disproportionate effect on the number of seeds dispersed. There was very little difference between perfect and near-perfect memory; however, medium levels were almost as ineffective as low levels. Because of this stark dichotomy between near-perfect memory and lower levels of memory, we next compared the effects of perfect versus no memory on the number of visits to the plant, the average seed dispersal distance and the survival time of the disperser.
In our model, the number of visits to the food source was significantly higher in animals with perfect memory than those with no memory (F 1,196 = 7335.6, p \ 0.001; Fig. 2b ). This was driven by the fact that after moving away from the food source, model animals with perfect memory were able to relocate it much more efficiently than those with no memory, resulting in a significantly higher number of seeds dispersed (F 1,196 = 972.3, p \ 0.001); in contrast, animals with no memory had to rely on random exploration of the landscape to relocate one food source.
If ripe fruits are not consumed by an endozoochorous frugivore, plants risk seed damage and mortality due to fruit predation by a non-dispersing frugivore or granivore (Bonte et al. 2011) . If, as the model predicts, animals with good memory visit a plant more frequently, this would result in greater service to the plant ) and reduced costs associated with the loss of seeds due to seed predators or the possibility that seeds will remain under the parental tree. However, from the plant's perspective the quality of the dispersal service depends not only on the number of seeds dispersed but also on where the seeds are dispersed to. Consistent with the greater amount of habitat exploration a lack of memory necessitated, the median dispersal distance was significantly higher in model animals with no memory than in animals with perfect memory (F 1,196 = 66.2, p \ 0.001; Fig. 2a ). This result would lead to the hypothesis that naïve animals exploring a habitat for the first time, or dispersing through a habitat, may be particularly important in providing opportunities for rare, long-distance dispersal events, while animals with good memory are important for bulk dispersal of large numbers of seeds within a constrained spatial envelope.
Finally, in our model, animal longevity was significantly impacted by memory: animals with no memory tended to die after relatively few time steps (curtailing their capacity for seed dispersal), while animals with full memory invariably survived for the full run of the model (survival analysis: v 2 (1) = 1962.5, p \ 0.001; Fig. 2c , Bracis et al. 2015) . This confirms the immense value of memory for animals living in environments with patchily distributed resources (Boyer and Walsh 2010) . While this initial simple model allows us to build hypotheses about the importance of frugivore memory for seed dispersal, in ecological situations there will rarely be a single fruit source and a single disperser. Below we extend the model to explore the impact of animal memory on dispersal from competing trees of differing quality.
Impact of memory on service to each of two competing plants (prediction 2)
Endozoochory often occurs in complex and biodiverse environments. For instance, a single fruiting fig in a tropical forest may attract numerous species of frugivores, including primates, bats and birds, and in fact most endozoochory is polychorus (Jordano et al. 2003) . Ground-dwelling frugivores such as ungulates and tortoises may eat fruit that falls, although they will face different challenges from arboreal animals in identifying and locating the food source. While these animals may compete with each other and with many non-dispersing fruit and seed predators for the available fruit, there will be situations when the plant is competing with other plants for the attention of appropriate frugivores (Fig. 3) . We used our model to explore the simplest case of two plants competing for the service of a single frugivore, endowed with either no memory or perfect memory, as above. By varying the relative quantity of fruit provided by each of the two trees, we identified a significant interaction between memory and the difference in quantity of food provided on the difference in quantity of seeds dispersed (F 1,996 = 66.2, p \ 0.001; Fig. 3 ): when the animal had no memory, both plants received very similar levels of service, and the effect on the difference between the plants was very small; when the animal had perfect memory, it discriminated more between the two plants, giving much higher levels of service to the plant with the highest quantity of fruit. This result suggests that the memory of a frugivore could play a significant role in the outcome of competition for dispersal of two plants. It implies that a smaller plant providing less reward than a neighbour would receive disproportionately lower levels of service relative to a neighbour from a frugivore with good memory, while Fig. 1 a Quantity of seeds dispersed (arbitrary units) as a function of the dispersers' memory, which could vary between 0 (no memory) and 1 (perfect memory). Each data point represents one run of the model. b Representative seed shadow from an animal with perfect memory and c an animal with imperfect memory (memory = 0.047). A single plant was located at the centre of each landscape a frugivore with poor memory would service the plants more equally. This in turn suggests that the contribution of two plants to the seeds being dispersed in a habitat will not be proportional to their reproductive effort if the dispersers are knowledgeable and have a choice of plants. Although we were modelling frugivory, it is reasonable to expect similar effects of animal memory on any competition between two plants for an animal service and so these results could also apply to pollination.
We know that animals are capable of learning about the quantity and quality of food sources in experimental situations (Soldati 2015) . We know less about how they make choices in complex field environments, where quality and quantity will vary. Animals can retain information on previous feeding experiences, such as the taste (Yarmolinsky et al. 2009 ) and digestive feedback (Werner et al. 2008; Yearsley et al. 2006) , and there is an increasing body of evidence that some animals can remember the locations of the food and other resources and have the skills to navigate back to them (Janmaat et al. 2013; Blake and InkambaNkulu 2004) . We also know that in experimental situations animals will demonstrate a preference for one fruit over others. However, in the wild, many frugivores have a mixed diet (Guzmán and Stevenson 2008; Moskovits and Bjorndal 1990) and it is difficult to find a correlation between fruit eaten and fruit preferences reported in experiments (Carlo and Morales 2008) . This could be because frugivores respond to their nutritional needs (Murphy and King 1987) , tending to balance their nutrient intake (McCaughey and Tordoff 2002) . Thus, their choice of food could be driven by immediate needs for particular nutrients rather than exclusively by their innate or learned preferences. Optimal foraging theory Fig. 2 Median, quartiles and range of a seed dispersal distance (in units of hexagonal Manhattan distance), b plant visitation frequency and c the number of time steps until death occurred, as a function of memory (where 0 denotes no memory and 1 denotes perfect memory). Outliers are denoted by a cross Fig. 3 Median, quartiles and range of the absolute difference in the quantity of seeds dispersed between two plants in the landscape (in arbitrary units), as a function of memory (where 0 denotes no memory and 1 denotes perfect memory) and the relative difference in the quantity of food available at each plant, quantised here as a relatively large (white boxes) or relatively small (grey boxes) difference based on whether they fell above or below the overall median difference predicts that animals will select a food source according to the associated costs and benefits (Kacelnik and Houston 1984; Pyke 1984) . The quantity and quality of food potentially obtained at each foraging event (benefits) are traded off against costs, such as the energy required to reach to the food source (Levey et al. 1984) , and perceived predation risk or competition (Kacelnik and Bateson 1996; Kacelnik et al. 2013) . For example, tanagers and manakins (P. mentalis, M. candei) change their likelihood of feeding on less preferred food when the distance between perches increases (Levey et al. 1984) ; and Steller's Jays (Cyanocitta stelleri) modify their food choice depending on the presence of other conspecifics in the feeding area (Bekoff et al. 1999) .
Clearly, many factors will impact on which of two competing plants receives the most benefit from seed dispersers, but our model's results suggest that the quality of memory of the seed disperser could be an important contributor to seed dispersal outcomes. Only animals that actually remembered about the food sources were able to produce a significant difference in terms of fruit removal between two plants of different value. An animal foraging multiple times from one plant while ignoring others would give that plant an advantage in terms of seed removal (Boyer and López-Corona 2009 ). Carlo and Morales (2008) and Aparicio et al. (2013) suggested that the rate of seed removal depends in particular on the number of frugivores present in a certain area. While this is certainly true, it is possible that high-quality plants in an environment with fewer seed dispersers equipped with good memory skills might receive a better fruit removal service than plants in an environment with a larger number of frugivores with lower memory skills. On the other hand, a lower quality plant competing for service with higher quality plants might benefit from more frugivores with poorer memory skills.
Seed dispersal depends on motivation to move to other resources (prediction 3)
The motivation for an animal to move away from a fruit source once it has fed and where it next travels may be as critical to the effectiveness of a seed dispersal event as the original decision to feed from a plant ). Failure to move away from the parent plant before defecation will not result in effective dispersal, nor will deposition of seeds in a distant but unsuitable location. Either of these scenarios would be costly for the plant (Bonte et al. 2011) .
There are many possible motivations for an animal to move away from a fruit source, each of which could impact on the next destination of the animal and the potential deposition site of the seeds. The frugivore may have exhausted the food supply, or lowered the density of fruit to the point where the benefits of feeding no longer outweigh the costs of continuing to forage there. It may have been disturbed by Fig. 4 a Median, quartiles and range of the number of seeds dispersed per unit of gap, in animals with nearly perfect memory (Appendix 1) that preferentially utilise gaps (grey boxes) (in this case, modelled on red-footed tortoises) and animals that utilise gaps at random (white boxes), in both closed canopy and deforested landscapes. Representative examples of a closed canopy landscape b and associated seed distribution pattern resulting from the movement of animals that preferentially utilise gaps c, and a deforested landscape d with associated seed distribution pattern d. In c and e, white locations indicate the presence of seeds competitors or predators, making the environment seem less safe or more difficult to forage in. It may be satiated or sufficiently satiated that another resource or need (e.g. water, mates, shelter, basking) becomes more salient. Understanding these motivations and how they interact with frugivore knowledge and memory is important in predicting the seed shadows of plants. In our model, we introduced landscape patchiness to simulate non-foraging areas that would be attractive (or otherwise) to a seed disperser. Specifically, we assumed that the landscape features represented forest gaps which acted to vary the motivation of animals, for example reptilian frugivores, to move towards sun patches in simulations of natural and deforested landscapes. We found that animals that were motivated to move towards the landscape gaps deposited more seeds in those areas than animals that moved around the landscape at random (Fig. 4a ), but that this was highly dependent on the landscape (Fig. 4a-c) with a significant interaction between the animal's preference for utilising gaps and the landscape type (F 1,3996 = 5785.7, p \ 0.001).
While unsurprising, these results strongly indicate the importance of understanding animal motivation as well as memory. Ecological studies have typically relied on seed dispersal kernels-dispersal curves created by combining together data on daily animal movement and gut passage time (Westcott et al. 2005) -to estimate the dispersal distance that can be achieved by seeds, but no other information about the location of deposition. Knowing whether and which paths animals are likely to take can help predict the distance and quality of the deposition sites, allowing more precise estimations of seed shadow and potential for seedling establishment (Wang and Smith 2002) . In addition, knowing whether a seed disperser regularly returns to an individual fruit tree or consumes fruit from a number of different trees randomly encountered during foraging would impact very differently on dispersal dynamics of a tree population (Jordano et al. 2007) .
Seed dispersers that follow regular and predictable routes will have a very different impact on seed deposition patterns than dispersers that follow idiosyncratic or unpredictable routes (e.g. Moskovits and Kiester 1987) . The latter would be more likely to find new food sources and increase the probability that seeds would be transported and deposited in new areas, but leading to unpredictable seed shadows (Boyer and López-Corona 2009 ) with wider spatial spread. Frugivores that tend to repeatedly visit the same areas and follow the same paths would create seed shadows with less spread than the one originated by random movement, creating areas where the density of seeds might be high (Boyer and López-Corona 2009; Blake and Inkamba-Nkulu 2004) . A number of recent studies have focussed on frugivores' spatial memory capabilities and travel patterns (Di Fiore and Suarez 2007; Normand et al. 2009; Noser and Byrne 2010; Janmaat and Chancellor 2010) . Di Fiore and Suarez (2007) found that over 8 years, spider monkeys (Ateles belzebuth) and woolly monkeys (Lagothrix poeppigii) tended to follow repeatedly the same path between fruit trees when foraging, which limited the dispersal of seeds to specific areas where seed density was high. Similarly, Tamarins (Saguinus fuscicollis weddelli) visited food sources in a spatially efficient manner, minimising the distance between foraging points (Porter and Garber 2013) , suggesting that the tamarins retained information on either the specific or relative locations of the fruit trees to one another. This also resulted in predictable seed deposition with areas of high seed density along the paths connecting food sources used by tamarins. Elephants appear to form permanent trails connecting areas with high densities of fruit trees (Blake and Inkamba-Nkulu 2004) , which may help guide naïve animals to food sources, but could also influence seed dispersal patterns (Blake et al. 2009 ). Therefore, knowing about animals' spatial memory skills and understanding how these might influence their movements through the environment could help predict the structure of future plant communities.
Other aspects of memory for consideration
While we have considered above the importance of the ability of seed dispersers to remember the spatial location of a food source, return to it and then move away, another cognitive skill that could be important in determining the quality of dispersal service provided by an animal is its ability to remember when fruit might be available in particular locations. Plant fruiting cycles are usually predictable in time, either according to fixed calendar intervals or following specific seasonal events such as a rainy season (Momose 2004; Moskovits and Bjorndal 1990) . We hypothesise that being able to learn about when plants are likely to bear fruit will be as adaptive for a longlived frugivore as retaining spatial information about a food source, as it would allow them to forage more efficiently. This, in turn, would make them more effective seed dispersers, at least for known and favoured sources which would receive rapid seed removal when the fruits are ready to be eaten, decreasing the chances that early fruits would be consumed by seed predators or remain under the parental tree. It is likely to be particularly critical during periods of fruit shortage in the rainforest, such as in months when very few plants carry fruits (Chapman et al. 2005; Janmaat et al. 2014) .
There is much evidence that shows animals are able to anticipate food-related events on diurnal or shorter time scales. For example, hummingbirds revisit flowers at the same rate as they re-fill with nectar (Henderson et al. 2006) , honey bees forage at the time of the day when nectar concentration is highest (Corbet and Delfosse 1984) and many animals are able to use circadian cycles to anticipate daily food provisioning events (Biebach et al. 1989; Daan and Koene 1981; Roberts 2002) .
However, these are on relatively short time scales and it remains unclear whether frugivores are actually able to anticipate the time and duration of the presence of ripe fruits on trees at seasonal time scales. Our recent work (Soldati 2015) suggested that not only they are to anticipate events on a circadian cycle, but also to learn about cues in the environment that predicted the food delivery events. This implies that animals might be able to learn about a range of salient environmental cues, such as the seasonal changes in temperature, as an indication of imminent presence of food. Grey-cheeked mangabeys (Lophocebus albigena johnstonii) tended to revisit fruiting trees more frequently after warm periods than after cold ones (Janmaat et al. 2006) , and it is possible that mangabeys use higher temperatures as an indicator that fruit may be ripening. Honey bees also showed activity consistent with anticipating an increased food supply after appropriate weather conditions (Moore et al. 2011) . Animals that are able to use environmental cues to anticipate the presence of food, such as ripe fruits, could benefit from the advantages of more efficient foraging as well as potentially reaching the food source before competitors. Plants, in turn, could benefit from knowledgeable and efficient frugivores removing ripe fruits, rapidly preventing fruits from decomposing under the parental tree where the mortality rate is higher or being eaten by seed predators. Therefore, animal anticipatory skill would improve seed removal and increase the quantity of seeds dispersed by legitimate seed dispersers, enhancing the reproductive success of trees as well as providing survival benefit to the animal. This highcost long-term memory might, however, become disadvantageous to animals and plants in situations where temporal fruiting patterns are changing due to climate change (Chapman et al. 2005; Corlett and Lafrankie 1998) or other causes.
Conclusion
A fuller understanding of the cognitive mechanisms underlying the behaviour of frugivores will bring new insight and help build more reliable predictions of seed dispersal by endozoochory (Corlett 2011; Cousens et al. 2010 ) in stable and changing environments, ultimately allowing us to better predict the consequences of change for plant population dynamics (Robledo-Arnuncio et al. 2014 ). Here we have provided evidence that animal memory has the potential to influence many aspects of seed dispersal, including the number of seeds dispersed, the distance to which they are taken, the locations where they are deposited and the relative dispersal of two competing species. The ultimate effects of animal memory in more complex and realistic environments have yet to be elucidated, but laboratory experiments and models such as the one presented here can offer insight and hypotheses to test. Further insight can be gained by parameterising models with data on specific animals' cognitive abilities and movement patterns as well as increasing the level of environmental complexity they simulate. Although it is hard to manipulate animal memory in the field, we believe that the opportunities afforded by reintroductions, invasive species and rewilding efforts ) may be very valuable, allowing us to understand how animals with no local knowledge of the ecosystem and/or different cognitive abilities from native species will impact plant populations. We could also exploit disrupted ecosystems to examine the impacts of disturbance on the ability of animals to remember and navigate to key resources and the subsequent impacts on plant population dynamics. We believe that the principles outlined in this paper apply to most ecosystem processes where plant-animal interactions are important including pollination and herbivory as well as seed dispersal. We can see the potential for many exciting and important collaborations between plant ecologists and experts in animal cognition and urge closer working.
Acknowledgments We acknowledge the support of a studentship awarded to Francesca Soldati by the School of Life Sciences, University of Lincoln, and we thank Ana Mariscal for sharing her forest gap data.
Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http:// creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
Appendix 1
This model is based on a combination of the perception and memory-based movement model described by Avgar et al. (2013) and the seed dispersal model of D'hondt and Hoffmann (2011).
The seed disperser
We consider an animal characterised by a single parameter, state s (0 s 1), which we equate to hunger; when s is low, we consider the animal to be relatively hungry, and when s is high the animal is relatively sated. During each of T discrete time steps t t ¼ 1; 2; . . .; T ð Þ ; this animal moves stochastically around a landscape, A, in a state-dependent manner, during which it ingests, defecates and disperses seeds.
Perception, memory and assessment of habitat quality
The landscape is modelled as a heterogeneous hexagonal grid of cells, i (Avgar et al. 2013) . Each cell is characterised by its spatial coordinates and the values of two habitat components, the background landscape (A i;1 ) and the vegetative landscape (A i;2 ), each taking values in the interval [0, 1] . Higher values are more attractive to the animal (for example, indicating more food, preference for landscape features such as shelter) and lower values are less attractive (for instance, less food, unpreferred habitat type). We assume that the animal assesses the quality of surrounding cells using sensory information, which attenuates with distance (perception) and accumulates over time (memory). At time step t; the animal's perception, p 0 p 1 ð Þ , of cell i for a given layer j of the landscape is
where d is the (hexagonal) Manhattan distance from the animal's current location to cell i and aða [ 0Þ is the sensory attenuation coefficient. The term e The subjective quality q 0 q 1 ð Þ of different locations in the landscape is a function of the perceived and/or memorised habitat characteristics, the animal's current state and its travelling propensity, modelled here as e Àcd i , where the 'friction' coefficient c c ! 0 ð Þ(sensu Avgar et al. 2013 ) models how far the animal is willing or able to travel by reducing the attractiveness of all landscape features as a function of distance. State affects the relative importance given to each landscape layer, such that for low values of s higher relative importance is given to the vegetation (food-containing) layer, and when s is high greater relative importance is given to the background layer. The subjective quality of a cell is therefore given by
When applied to all cells, the resulting map is the subjective landscape; the landscape as it is viewed from the animal's perspective at a particular point in space and time (Avgar et al. 2013 ).
Movement
At each time step, the animal can choose to either remain in its current cell or move to one of the six (equidistant) adjacent cells. Specifically, animal movement behaviour was modelled as a series of discrete probabilistic decisions, based on attraction to specific cells within the animal's subjective landscape: the preference for remaining in the current cell, k, is given by q k;t ; the preference for moving to a particular adjacent cell is given as the maximum value of all cells in the subjective landscape within a 60°cone centred on the direction of that cell. To ensure a correlated random walk in relatively homogeneous landscapes, these preferences are then multiplied by the probability of moving in a given direction drawn from a von Mises distribution with a mean direction (l m ), which is equal to the current direction of travel, and concentration parameter j m . These combined preferences are then re-scaled so they sum to unity, giving the probability of moving to a given cell.
Feeding, gut passage and seed dispersal
Having entered a cell, the animal will feed if that cell contains vegetation. The amount of food consumed, f , is proportional to the value of the vegetative layer of the occupied cell, k, scaled by the animal's state at the previous time step (such that relatively hungry animals will eat proportionally more than relatively sated animals)
It is assumed that all ingested food contains seeds, and that these are added to the animal's 'gut matrix', G ¼ g t ½ (sensu D'hondt and Hoffmann 2011), where g t holds information on the amount of seeds ingested at each time step. For simplicity, we assume that the proportion of seeds ingested, and their probability of being destroyed through destruction and/or digestion, is fixed; the number of viable seeds available for excretion when the animal defecates is therefore directly proportional to the total amount of food eaten (i.e. f t $ g t ).
At each time step, the animal defecates with a probability drawn from a cumulative lognormal probability density function, defined by the location parameter l d and the scale parameter r d , such that the probability of defecation increases with time since the last defecation event (D'hondt and Hoffmann 2011). Such a distribution has been shown to provide good fits to empirical gut passage data (e.g. Rawsthorne et al. 2009; D'hondt and Hoffmann 2011) . If there are seeds present in the gut at the time of defecation, a proportion of these are excreted. This proportion is determined by the time that has passed since their ingestion, modelled as the cumulative lognormal probability density function defined by the location parameter l s and scale parameter r s .
Food consumption also affects the animal's state. State decreases over time as a function of the hunger coefficient k 0 k 1 ð Þ , which encapsulates the nonlinear relationship between food intake and hunger, and increases as a function of food consumed, scaled by the satiation coefficient j 0 j 1 ð Þ , such that
Model parameterisation
We parameterised two types of model. The first was parameterised with arbitrary values in order to explore the generic impact of memory on seed dispersal in landscapes with one or two plants, and with one forager. The second was parameterised using data on the behaviour and memory of red-footed tortoises (Chelonoidis carbonaria) in simulated natural landscapes in order to explore the specific impact of landscape use (in particular, the use of gaps in the forest canopy as basking spots) on the pattern of seed dispersal.
In the first set of models, landscapes consisted of a 40 9 40 hexagonal grid. The background layer was generated as a Gaussian random field (with radius = 10; sensu Kroese and Botev 2013) , while the vegetative layer contained either a single plant (occupying a single cell) located at the centre of the landscape or two plants located at a fixed distance of 20 hexagons apart (two-plant model). In the models with a single plant, it was given a fixed value of 1; in the two-plant model, the values were randomly drawn from a uniform distribution in the interval 0; 1 ½ to simulate variation in the quantity of food available at each location. All other cells in the vegetative layer were set to zero. An animal's memory was initially set to 0 and its state to 0.5 (i.e. when t ¼ 1, m i;j;tÀ1 ¼ 0 in Eq. 2, and s t ¼ 0:5). The value of the memory decay coefficient b was either drawn randomly from an exponential-logarithmic distribution with shape parameter r ¼ While these values are arbitrary, varying them had little qualitative impact on the results presented here and so they are fixed for simplicity. Each animal started the simulation occupying the same cell as one of the plants, which precluded an initial search period and endowed all animals with comparable starting memory. The model was run over T ¼ 10; 000 time steps.
In the second set of models, two types of landscape were simulated, termed 'closed canopy' and 'deforested'. In each, the background layer was based on a binarised [0 or 1] Gaussian random field (generated using the 'gstat' package for R; Pebesma 2004) represented as a 100 9 100 hexagonal grid. The centre-to-apex distance of each hexagon was assumed to represent 1 m of landscape and so the total dimensions of each landscape correspond to 1 ha, which is consistent with the maximum area known to be traversed by red-footed tortoises in a month (Guzmán and Stevenson 2008) . The simulated dimensions and frequency of gaps in the closed canopy landscape, and the proportion of hexagons occupied by adult plants in both landscapes, were based on data collected for a region of neotropical rainforest located between Esmeraldas and Imbabura Provinces in Ecuador (79802 0 756 00 West, 0820 0 867 00 north), and known to be inhabited by red-footed tortoises (Mariscal Chavez 2016) . Each time step was assumed to correspond to 1 min of real time, and so based on recorded tortoise movement and daily activity patterns (Moskovits and Bjorndal 1990; Guzmán and Stevenson 2008) , setting T ¼ 10; 000 time steps would equate to one month of tortoise activity. We set b ¼ 0:99, which results in a rate of memory decay consistent with that observed in experiments with captive tortoises (Soldati 2015) ; all other parameter values were the same as those used in the first set of models.
Data analysis
The following data were collected for each run of the model: (i) the total amount of seeds dispersed (i.e. the sum of all seeds deposited at each spatial location in the landscape; arbitrary units), (ii) the median seed dispersal distance (median hexagonal Manhattan distance from the plant's location) and (iii) the number of times the plant was visited per 10,000 time steps. We also collected data on disperser survival by assuming that if an animal's state fell below a threshold of 0.001 they had 'died'. Differences between these measures as a function of memory (i.e. the term e Àb in Eq. 1) were tested using general linear models or, in the case of disperser survival, survival analysis. All statistical analyses were conducted using R version 2.15.2 (R Core Development Team 2013).
